Abstract Practicing forensic scientists who are called to provide expert witness testimony are often asked to explain both the presence and the absence of DNA on objects that have been handled by perpetrators with bare hands. Unwashed hands, depending on what they have come in contact with previously, may become the vehicle of both primary and secondary transfer of DNA. In this study, we investigated the propensity of primary and secondary transfer of DNA from unwashed bare hands of 128 individuals onto plastic tubes. Our experiments, carried out in triplicate, have shown that DNA was not detected on all the touched tubes, secondary transfer of DNA, through unwashed hands, was small, and in the majority of cases primary DNA transfer could be distinguished from secondary DNA transfer. A statistically significant association was demonstrated between percent DNA profile deposited on plastic tubes, through unwashed hands, and the age of male individuals.
Introduction
Practicing forensic scientists who are called to provide expert witness testimony in courts of law are often asked to explain both the presence and absence of DNA on objects that have been handled by perpetrators without gloves. Therefore, it is of utmost importance to define as many as possible of the contributory factors that may be implicated in the phenomena of DNA transfer including the sex and the age of the individual instigating the transfer. Sex and age may also affect secondary transfer phenomena, such as handshaking, making them either more or less likely to occur depending on the sex and the age of the individuals involved. To date, the present study is the first to report a formal statistical analysis associating age and sex with DNA deposition.
One of the ways through which human cells and hence DNA can be deposited on an object involved in a crime is through primary transfer. Primary DNA transfer can take place either after direct contact of the object with the skin and/or biological fluids of an individual or through direct deposition of a biological fluid on the object without it ever being touched. Secondary and tertiary transfer of DNA can also take place under certain conditions. A number of investigators have studied the transfer of DNA, within the forensic context, and reported that Bshedding status^ [1] [2] [3] , substrate type, surface type, surface area and type of contact [4] [5] [6] [7] [8] [9] [10] [11] , body fluid/ cell type [4-6, 11, 12] , freshness of the deposit [4, 5, 12] , close contact between individuals [1, 13] , temperature and stain drying time [14] , skin diseases [3] , and age [15] may affect the transfer of DNA.
There is very little information in the current literature on whether age and sex affects the transfer of DNA from the bare hands of an individual onto an object. Although a negative correlation has been suggested between DNA amount and DNA quality left on handheld syringes with the age of Electronic supplementary material The online version of this article (doi:10.1007/s00414-015-1291-2) contains supplementary material, which is available to authorized users.
children and the age of older individuals [15] , there is no study with formal statistical analysis associating age and sex with DNA deposition. The present study is one of the largest studies conducted in terms of participants and describes the investigation of primary and secondary transfer, on 50-ml plastic tubes held for 5 min in both hands by each of 128 participants, without prior hand washing, so as to mimic more closely reallife situations where perpetrators touch objects with bare hands. The experiments, carried out in triplicate, aimed toward the following: (1) to study primary transfer of DNA via unwashed hands on 50-ml plastic tubes, (2) to investigate whether primary DNA transfer can always be detected on touched objects, (3) to detect secondary transfer of DNA from unwashed hands onto plastic tubes, (4) to observe whether the assigned shedding status of participants remained constant over time, and (5) to detect possible associations between primary DNA transfer with sex and age.
Materials and methods

Contamination prevention measures
At a minimum, prior to any activity related to this research project, as per our routine procedures, all laboratory benches, shelves, and furniture and some equipment present in the laboratory were previously treated with 3 % sodium hypochlorite solution and then wiped down with water. Laboratory equipment that could not be treated with the sodium hypochlorite solution was treated with LookOut® DNA Erase (Sigma-Aldrich). All laboratory operations were performed while wearing hair nets, face masks, laboratory coats, and disposable gloves that were always changed between one activity and another. Disposable consumables were UV irradiated (Hoefer UVC 500 crosslinkers) for at least 3 h before they were used in the experiments.
General experimental design
One hundred and twenty-eight individuals born to Greek Cypriot parents, 83 males (65 % of all participants) and 45 females (35 % of all participants) with ages in the range of 18 to 75 years old, participated in the study. Participants were from the staff of the Laboratory of Forensic Genetics (LabFoG), graduate students attending the Cyprus School of Molecular Medicine, staff of the Cyprus Institute of Neurology and Genetics, and other individuals selected at random. Prior to the commencement of this study, bioethical approval was obtained by the Cyprus National Bioethics Committee. All participants signed an informed consent and provided information relating to the ethnic origin of their parents, their place and date of birth, sex, and dominant hand status. Two buccal swabs were obtained from each participant and were subsequently used to obtain full reference genetic profiles of the participants (reference DNA profiles). Nine hundred and eighteen 50-ml plastic tubes (CELLSTAR tubes, Greiner BioOne) were sterilized by UV irradiation for 3 h. All participants were instructed not to wash their hands and not to wear gloves (for lab personnel) for at least 2-3 h before holding, for 5 min in each of their hands, a sterilized, UV-irradiated 50-ml plastic tube (henceforth indicated as plastic tube). Other than the above, all participants performed their normal daily activities. Once the 5 min elapsed, the tubes were swabbed with UVirradiated swabs (sterile wooden applicator cotton tipped, Copan Italia S.p.A.). Two to three drops of UV-irradiated, grade 2 water (Elix® 5 purified water), were applied on the swabs before their use to swab the handheld plastic tubes. Each experimental swab was cut, placed in UV-treated 5-ml Greiner Bio-One tubes, and placed at 4°C until DNA extraction. The experiment was repeated three times (i.e., three experimental trials) for each participant, for each hand, on separate days (each trial was 3 days apart from each other) providing a total of 768 experimental swabs (i.e., 768 attempts to transfer DNA on the plastic tubes), excluding controls. One hundred and fifty UV-treated plastic tubes were selected at random from the 918 and were used as controls. Eighty microliters of diluted saliva (1:150 dilution in saline buffer), collected from one volunteer, were placed on the surface of 75 of the 918 UV-irradiated plastic tubes and allowed to airdry for 3 h before storing them at 4°C until the end of the experiments. These saliva-spotted tubes, at the end of all three experimental trials, were subsequently swabbed, placed in UV-treated 5-ml Greiner Bio-One tubes, and placed at 4°C until DNA extraction. Ultimately, they were used as positive controls as well as to detect and monitor any intra-sample variation during the DNA extraction process. Seventy-five UV-irradiated plastic tubes were kept together with all the experimental tubes until the end of all the experiments and were swabbed using cotton swabs. These were used as negative controls. All 918 plastic tubes, cotton swabs, Greiner BioOne tubes, and grade 2 quality water used in the experiments of this study were UV irradiated for 3 h using Hoefer UVC 500 crosslinker units.
DNA extraction and amylase (saliva) tests
DNA was extracted from each buccal and experimental cotton swab using our ISO-17025 accredited and validated DNA extraction methods with the QIAamp 96 DNA Swab BioRobot Kit and the BioRobot Universal System [16] . Buccal swabs and cotton swabs taken from control and experimental plastic tubes were all extracted using different BioRobot Universal Systems (Qiagen) installed in different laboratory units and dedicated for person/reference or stain samples in accordance with quality assurance policies. Thirty minutes prior to DNA extraction, 50 μl of SALIgAE solution (Abacus Diagnostics Inc.) was added into each DNA extraction tube, containing all the cotton swabs for extraction (experimental and controls), to detect saliva through the presence of amylase. Obviously, buccal swabs were not tested for saliva.
Quantitation of DNA and STR typing DNA extracted from each buccal, control, and experimental swab was quantitated using a modified DNA quantitation protocol [17] on 7500 real-time PCR instrument (Applied Biosystems) that has been validated and ISO-17025 accredited in our laboratory. Since there is large variation in the estimation of small quantities of DNA via real-time PCR quantitation methods as observed also by us and documented previously [17, 18] , all DNA extracts originating from all the experimental and control cotton swabs were amplified using the PowerPlex® ESX17 (Promega) DNA typing kit irrespective of the relative quantity of DNA detected via realtime PCR. DNA samples extracted from the buccal swabs were also typed using the PowerPlex® ESX17 system. Amplification with the PowerPlex® ESX17 kit was carried out following the manufacturer's recommended protocol using, where possible, 500 pg template in 25 μl reaction volume and 30 amplification cycles. All DNA extracts with less than 500 pg DNA template were amplified using the maximum possible template volume of 17.5 μl. DNA amplifications were performed using the 9700 GeneAmp PCR systems (Applied Biosystems). One microliter from each STR PCR product was added to 10 μl formamide (including 1 μl of ILS 500), denatured at 95°C for 3 min, quenched on ice, and then injected (7 s as per the standard laboratory protocol) on the AB-3130xl genetic analyzers (Applied Biosystems) for capillary electrophoresis at 3 kV. Data were collected using Data Collection software v.3. The electropherograms were generated with GeneMapper ID v.3.2 software. Peak heights above 70 relative fluorescence units (RFUs) were scored as alleles.
DNA extraction, sample preparation for quantitation, DNA normalization, PCR setup, and capillary electrophoresis setup DNA extraction, sample preparation for quantitation, DNA normalization, PCR setup, and capillary electrophoresis setup operations were all carried out using dedicated liquid handling systems (BioRobot Universal-Qiagen). Reference buccal swabs and experimental/control swabs were processed on separate extraction BioRobot systems.
Efficiency of DNA primary transfer-alleles and percent DNA profile deposited
The number of matching alleles between the genetic profiles of the participant's reference DNA sample and the DNA sample deposited on each plastic tube, held by each participant, was counted and was used to report the number of alleles originating from each participant, detected on each of the 768 experimental plastic tubes. The peaks in the amelogenin locus were also counted as alleles. Homozygote loci were scored as one allele in all DNA profiles. The percent DNA profile deposited on each tube per holding event was calculated as a percentage of the alleles observed on the plastic tubes, matching those in the reference DNA profile of the holder of the tube, from the total possible alleles present in the reference DNA profile. Non-matching alleles were marked as foreign alleles and were not taken into consideration for reporting the percent participants' DNA profile deposited on the plastic tubes.
Foreign alleles originating from secondary transfer
Alleles, observed on the plastic tubes that did not match those in the reference DNA profiles of the holders of the plastic tubes, were scored as foreign alleles originating from secondary transfer through the hands of participants.
Scoring of presumed common alleles between participant and foreign DNA samples
In genetic profiles (partial and/or full), recovered from the plastic tubes, where both the DNA of the participant and foreign DNA were present, alleles that matched those of the participant reference DNA profile were scored as originating from the participant. Partial genetic profiles were those where 1 to total minus 1 allele were detected on the plastic tubes. Full genetic profiles were those where the total number of alleles, in the participant reference DNA profile, were detected on the touched plastic tubes.
Average percent DNA profile deposited on the plastic tubes per trial and for all trials
The average percent DNA profile deposited on the plastic tubes, by each participant, for each of the three trials was calculated by taking the average of the percent profile deposited by each participant on the plastic tubes held by the left and right hands. The average percent DNA profile deposited on all three trials from each participant was calculated by taking the average of the percent profile deposited on each of the six plastic tubes held by an individual.
Interpretation of electropherograms
Electropherograms were interpreted by two experts of the Laboratory of Forensic Genetics using interpretation guidelines/protocols used in case work investigations.
Effect of dominant hand on shedding
The mean values of the percent genetic profile deposited on each plastic tube by the dominant and non-dominant hands of each subject were used to calculate the effect of hand dominance on allele shedding.
Assignment of participant shedding status and age groups
In this study, all 128 participants were divided into shedding status categories, according to the average percent of shed/ deposited alleles on the plastic tubes on all three trials per individual for both hands (i.e., total of six trials). Initially, all participants were divided into three shedding status categories [Bbad^(≤41 %), Bintermediate^(>41-≤80 %), and Bgood( >80 %)] using interquartile cutoffs based on the distribution of average percent DNA profile deposited by each participant, taking into account all six trials per participant. Age groups, for the above shedding status categories, were based on the age distribution of the entire participant population as a whole (i.e., 128 individuals) using as cutoffs the 25th and 75th percentiles. For both male and female participants, age groups were 18-41 (age groups 18-24 and 25-41 grouped together) and 42-75 years old. Sex-specific cutoffs were also used to define shedding status categories. Male participants with an average percent of shed alleles in the lowest 25th percentile (i.e., ≤47 % of alleles shed) were classified as bad shedders. Male participants with an average percent of shed alleles in the 75th percentile and higher (i.e., >83 % of alleles shed) were classified as good shedders. Male individuals with shedding allele percentages between the 25th and the 75th percentiles were classified as intermediate shedders (>47-≤83 %). For female participants, sex-specific categories for shedding status were bad (≤34 % shed alleles), intermediate (>34 and ≤76 %), and good (>76 %). Age groups for these sex-specific analyses were based on the 25th and 75th percentile cutoffs of the age distribution, taking into consideration separately the 83 male and 45 female participants. Age groups in males were 18-45 (age groups 18-25 and 26-45 grouped together) and 46-75 years old. Age groups for female individuals were 18-32 (18-23 and 24-32 grouped together) and 33-70.
Statistical analysis
The distributions of participant characteristics such as age, sex, and handedness between shedding status categories were examined using univariate statistical analyses (Kruskal-Wallis, Pearson chi-squared, and Fisher's exact test, respectively). To examine whether mean shedding from the dominant hand was different from mean shedding in the non-dominant hand in each subject, a paired Student's t test and its non-parametric equivalent and the Wilcoxon signed-rank test were used. Effect of hand dominance on shedding was examined in the entire sample and in males and females separately.
The effect of age on shedding status categories, stratified by sex, and using sex-specific status and age cutoffs, was examined using the Fisher's exact test. The non-parametric Kruskal-Wallis test was used to investigate whether the median age of males and females separately differed between sexspecific shedding status categories. The same associations were observed as significant when the entire sample was analyzed as a whole. Kruskal-Wallis test, the non-parametric equivalent of one-way ANOVA, was used because age was not distributed normally (heavily positively skewed).
Lastly, to ensure that the associations observed were not a by-product of the categorizations performed, the effects of age, sex, handedness, and secondary transfer were examined in linear regression. The percentage of alleles shed when averaging both hands over the three trials per individual, which approached a normal distribution, was treated as a continuous outcome, and age, sex, handedness, and secondary transfer were treated as continuous, categorical, categorical, and continuous predictors, respectively.
Results
All 75 positive control cotton swabs tested positive for amylase, whereas all 75 negative control and all 768 experimental cotton swabs were negative for amylase.
It is known that UV irradiation is more effective on naked DNA than on DNA complexed with protein [19] ; regardless, no alleles were detected on any of the 75 negative control cotton swabs indicating little expectation of residual DNA. Contrary to the negative controls, a single genetic profile was obtained from all 75 positive control saliva swabs. No significant DNA extraction intra-sample variation was noted in the 75 saliva, spotted, positive controls since all electropherograms, produced by using the same template amplification volume for PowerPlex® ESX17, exhibited similar peak heights within the expected range of low-level DNA as indicated in the summary statistics table of the peak heights observed (Table 1) . Furthermore, no intra-sample volume variation was noted in the extraction buffer that remained in the initial 5-ml Greiner Bio-One tubes following the DNA extraction process. Reagent blanks carried out throughout the analysis also verified that there was no DNA contamination in reagents used. The single genetic profile recovered from all 75 positive control cotton swabs was identical to the reference genetic profile of the person who donated the saliva sample without the presence of any additional alleles in the genetic profile.
The participant population was separated into three shedding status categories, bad, intermediate, and good ( Out of 768 attempts, involving both hands for the three different trials, to deposit alleles on the plastic tubes, approximately 11 % of the attempts did not result in the detection of any alleles and 9 % resulted in the deposition of one to four alleles. Similarly, 9 and 71 % of the attempts were shown to deposit 5-10 alleles and more than 11 alleles, respectively (data not shown). When looking at the genetic profile deposited on the plastic tubes as compared to the reference genetic profiles, out of the 768 attempts, 11 % of the attempts resulted in no detectable genetic profiles, 72 % produced partial genetic profiles, and 17 % revealed the presence of full genetic profiles. All 128 participants deposited, on average, a partial DNA profile when looking at the average percentage of alleles deposited by each participant in all six trials (range 8-99 % percent DNA profile deposited, average=60.0 %, standard deviation=23.8) (data not shown).
With respect to alleles that were detected on the plastic tubes as a result of secondary transfer from the hands of participants, of the 768 attempts to transfer DNA onto plastic tubes, in 51 %, no secondary transfer was observed and in 34 % secondary transfer was low (one to three alleles). Thus, in the vast majority of attempts (85 %) of this study, secondary transfer was absent or minimal (≤3 alleles). Three percent revealed the presence of four foreign alleles and another 3 % of the attempts the presence of five alleles. Finally, secondary transfer of six and more alleles was observed in 9 % of the 768 attempts (Fig. 1) . Of the 768 total attempts, in 392 (51 %), no secondary transfer of alleles was observed in attempts where the participant DNA profile was totally absent (80 attempts), where it was partially deposited (233 attempts) and where it was deposited in full (79 attempts) ( Table 3 ). In 133 attempts (17 %), only one allele was scored as secondary transfer, whereas in 94 (12 %), 35 (5 %), 27 (3 %) and 20 (3 %) attempts, two, three, four, and five alleles were scored as secondary transfer, respectively. In 67 (9 %) attempts, 6 to 34 alleles were scored as secondary transfer. In 654 (85 %) attempts, secondary transfer was either absent or minimal with no or one to three foreign alleles, respectively. Of the 128 (16.7 %) attempts that produced full genetic profiles (Table 3) , when secondary transfer was present, it was easily detected and could not be misinterpreted with the genetic profile of the holder of the tube due to the differences in peak heights between participant and foreign alleles. This was also true for the B6-34^foreign alleles secondary transfer category where in the three attempts, where full genetic profiles were obtained, all of the foreign alleles detected in each of the three attempts could be easily distinguished from the participant alleles in the genetic profile detected on the plastic tubes because of their smaller peak heights (data not shown). Of the 128, out of 768, attempts that resulted in full DNA profiles, 36 originated from 18 female participants (1 bad shedder, 8 intermediate shedders, and 9 good shedders), and the other 92 attempts originated from 44 male participants (2 bad shedders, 27 intermediate shedders, and 15 good shedders) (data not shown).
Two experts from our lab, who did not participate in the experiments, were asked to evaluate blindly (i.e., without looking at the participants' reference DNA profiles) the abovementioned 128, full profile, electropherograms (Table 3 ) and assign alleles to a possible contributor or possible contributors. There was full concordance among the two experts who matched correctly alleles from the genetic profiles (single or mixed) in the electropherograms with all the alleles in the genetic profiles of the individuals who held the tubes in their hands. Both experts reached their conclusions using peak height differences. Correct assignment of alleles to the holder of the tubes was also possible for the 557 partial profiles, especially, in cases where foreign alleles were between 0 and 4.
There was a clear temporal change in shedding status using the average of both hands for each of the three trials (Fig. 2) . Even though the majority of individuals changed their shedding status between trials, close to 23 % of all participants (22 % of all males and 24 % of all females) maintained the same shedding status throughout all three trials.
When the shedding average from the dominant hand (mean 58.2, standard deviation 25.3) of all participants was compared to the shedding average from the non-dominant hand (mean 62.9, standard deviation 26.8), using the mean shedding from the dominant hand was statistically significantly (p value=0.032) lower than mean shedding from the nondominant hand. This was also demonstrated when the nonparametric Wilcoxon signed-rank test was used (p value= The relationship between sex, age group, and shedding status was studied using sex-specific cutoffs for defining shedding and age categories (Table 4 ). When the effect of age on shedding status was examined by sex category, in males, there was a significant association (p value=0.008) between age category and shedding status. The majority of individuals between 18 and 45 years were intermediate or good shedders, whereas the individuals over 45 years old, were either bad or intermediate shedders. In females, there was no statistically significant association (p value=0.811) between age category and shedding status (Table 4) . Using a different analytical approach by treating age as a continuous variable, it was evident that in males, bad shedders were statistically significantly older, than intermediate shedders, who were older than good shedders. No such association was observed in females (Table S1) .
Similarly, when the percentage of alleles deposited (when averaging both hands over the three trials per individual) was treated as a continuous outcome in linear regression, age and sex were both shown to be independently associated with percent alleles deposited. For each year increase in age, percent shedding decreases by 0.30 units, whereas females have on average a 9.9 unit decrease in shedding percent compared to men (Table 5) .
Discussion
Primary and secondary DNA transfer has been studied by several groups over the past years. Some of these studies have been designed in such a way as to maximize the chances of observing DNA transfer so that this phenomenon could be studied under laboratory conditions (e.g., increased PCR cycles, washed hands, good shedders, etc.). In this study, our aim was to evaluate DNA transfer on plastic 50-ml tubes from unwashed hands to simulate more realistically real-time scenarios where hand washing, before committing a crime with bare hands, is not likely to occur. The 50-ml tubes have been chosen because from our experience, the surface of these tubes seems to favor deposition of DNA either from bare hands or other objects such as gloves and cloth.
Our findings showed that all 768 experimental swabs, from the 50-ml plastic tubes, were negative for the presence of amylase. In 11 % or 83 out of the 768 attempts, there were no alleles detected. These results agree with the results from other studies [2, 7] that the direct contact of human skin with an object does not necessarily lead to the deposition and detection of DNA on the object. In our primary transfer experiments, only 17 % or 128 attempts of the 768 resulted in full profiles on the plastic tubes.
In 85 % or 654 of the 768 attempts, secondary transfer of DNA from the hands of the participants on the plastic tubes they held was negligible (≤3 foreign alleles) supporting similar findings from a previous study [2] . The hands of all participants in our study were not washed 2-3 h prior to holding the plastic tubes. Although the activities of the participants were not recorded, all of them during the 2 to 3-h time frame, before tube holding, had ample opportunities to interact with other persons for professional or personal reasons. Furthermore, it is certain that the vast majority of the participants, during the abovementioned 2to 3-h time period, came in to contact with objects that have been touched by others. Despite all of the above, the secondary transfer of DNA observed herein was not as high as one would have expected from unwashed hands.
In real cases, detection of 80 % of a person's genetic profile on an item may not be sufficient to establish a connection between the item and the person. This is the reason why interpretation was attempted on full as opposed to partial genetic profiles. Blind interpretation of the vast majority of electropherograms from this study and especially those classified as Bfull profiles^ (Table 3 ) resulted in the correct assignment of all alleles to the individuals who held the tubes in their unwashed hands even when foreign alleles were present. This primary DNA transfer from the hands of the participants to the tubes could be distinguished from DNA that was transferred on the tubes via the hands of the participants through secondary DNA transfer. In our experiments, almost invariably all alleles originating from secondary transfer were of smaller peak heights relative to the higher peak heights of alleles that originated from the individuals who held the plastic tubes in their unwashed hands. Similar findings, under different experimental conditions, were reported also by other studies [6, 7] . For a small number of partial DNA profiles, blind (without having and comparing the participants' reference DNA profiles) correct assignment of alleles to the holder of the tube was not possible. It is important to indicate, however, that in our laboratory, the partial DNA profiles of participants with 6-34 foreign alleles would not have been used to match an individual if these were from real case investigations and suspect DNA profiles were available for comparisons. The presence of suspect partial DNA profiles and the simultaneous presence of a large number of foreign alleles (e.g., 34) on an item could make the interpretation of such DNA mixtures difficult. Ultimately, this may not allow a connection to be made between the item and the person whose DNA is detected only partially on the item.
In real cases, genetic profiles from handheld objects would have been compared with genetic profiles of suspects brought in by police authorities. Presumptive tests and more modern molecular tests for the identification of human skin, contact traces, and body fluids [20] [21] [22] [23] could be used to determine the source of human cells deposited on an object after being touched with bare hands. Such information could be extremely useful in examining different scenarios as to who may have held the object taking into consideration both primary and secondary DNA transfer phenomena and hypotheses put forward by both defense and prosecution.
Shedding status has been demonstrated not to be consistent throughout the three trials of our study since approximately 77 % of all participants changed status whereas only 23 % retained the same shedding status throughout the three trials of our study. We agree with other investigators [2] that shedding status is very complicated to determine for an individual and many known and still unknown factors may affect the ability of an individual to deposit DNA on a handheld object. For the abovementioned reasons, the term shedding status used throughout our paper should be used only within the context of this study and should not be generalized.
Contrary to previous reports [2] , we found the mean shedding by the non-dominant hand to be higher than the mean shedding by the dominant hand in males. In females, we did not observe any such significant difference. Differences in the number of individuals who participated in our study which was 128 (45 females and 83 males) as opposed to the previous study [2] with 5 individuals (3 females and 2 males) or ethnic and hence genetic-related differences between the participants or even other unknown environmental or experimental confounding effects may explain the above.
Our findings clearly indicate that in males, there is a significant association between age group and shedding status which have been determined using sex-specific cutoffs. The same does not apply to the female population of our study. This inconsistency may be due to the fact that a smaller number of female individuals participated in our study (45 individuals) compared to the number of males (83 individuals) or it may in fact indicate the absence of such an association in females. Findings, from this study, are in agreement with the statement of other investigators [15] that there was a negative correlation between the DNA quantity and quality left by hands and the age of children and elderly individuals. Our data support the hypothesis that younger male individuals who may commit a crime and touch an object with their unwashed bare hands are more likely to deposit more alleles on an object compared to older male individuals. To confirm our findings with a second analytical approach, when age was treated as a continuous variable (using sex-specific cutoffs to define shedding status), it was evident that in males, bad shedders were statistically significantly older than intermediate and good shedders but, once again, no association was noted for females (Table S1 ). Also, the results from the linear regression analysis confirmed our observations based on shedding status categories and demonstrated that age and sex were both independently associated with the percent alleles deposited ( Table 5) . As age increases, percent deposition decreases irrespective of gender. The observed significant inverse association of age with primary DNA deposition in males may be explained by the reported reduction in epidermal turnover rate or cellular senescence correlated with ageing [24] . In this context, the downregulation of the physiological processes of cornification (terminal differentiation and programmed cell death of epidermal keratinocytes leading to the formation of corneocytes) followed by desquamation/shedding of corneocytes, the most upper layer of the skin, may also be implicated [25] . Even though corneocytes lack intracellular organelles including nuclei, DNA isolated from touched surfaces may originate from the remnants of degradation and essentially comprised of cell-free DNA or DNA from epithelial cells originating from sweat and/or oil glands. The existence of cell-free DNA on touched objects and/or sweat has been investigated and suggested in some studies [26] [27] [28] . Finally, the difference between sex as stated above may be due to the smaller sample size in each of the shedding status categories and is therefore another issue for prospective investigations to clearly delineate this association. In addition, as age has been shown to be associated with epigenetic modifications [29] , it is plausible to speculate that age-related epigenetic alterations may affect the biochemical pathways leading to epidermal cell regeneration and ultimately desquamation. One of the limitations of our study was the fact that when we had both foreign alleles and participant alleles deposited on the plastic tubes, we considered all alleles that matched the alleles in the participant's reference DNA profile as originating from the participant and not from secondary sources. Therefore, we cannot exclude the possibility that secondary transfer alleles could be masked by primary transfer alleles and as a result underestimating the number of foreign alleles transferred. On the other hand, on the electropherograms, those alleles that did not belong to the holder of the tubes were easily distinguished due to peak height differences and were classified as foreign alleles. In the vast majority of the attempts, these foreign alleles approached the limit of detection (i.e., very close to 70 RFUs).
Conclusions
Results from this study demonstrated that when individuals touched plastic tubes with unwashed hands, a DNA profile was not always detected on the tubes. Secondary transfer of DNA, through unwashed hands, was low, and in the majority of cases, primary DNA transfer could be distinguished from secondary DNA transfer. In males, in primary DNA transfer involving unwashed hands, the non-dominant hand was associated with greater mean DNA deposition compared to the dominant hand. Shedding status, as defined in our study, remained constant in only 23 % of the participants, whereas for the remaining 77 %, shedding status changed. Lastly, we have reported for the first time a statistically significant association between percent DNA profile deposited through unwashed hands and the age of male individuals with the younger ones favoring more DNA deposition compared to the older ones.
